Objective: To develop an automatic skull stripping method for magnetic resonance imaging (MRI) of human head scans.
M
edical imaging is essential to understand the pathological conditions of a human organ afflicted with a disease and to diagnose it. Various modalities are available for imaging an organ, and few of them are radiography images (X-rays), magnetic AQ2 resonance imaging (MRI), nuclear medicine imaging techniques ( AQ3 SPECT, PET), computed tomography (CT) images, and echo images (ultrasound). Each of them is used for a specific goal. The MRI is an efficient imaging method to detect the structure of soft tissues. The MRI is a nonionizing, nondestructive, and noninvasive medical imaging modality. It is taken in 3 orientations, axial (top to bottom of the object), coronal (front to back of the object), and sagittal (right to left of the object). It produces a clear perception of the object of study. The MRI is taken in 3 types, T1-weighted, T2-weighted, and proton density. These types differ in their relaxation time, and they also differ in visual effect because of intensity variation of each tissue. 1 Image characteristics depend on biological components of the tissues which contain water molecule, fat, and other materials. The MRI technique is used to obtain a good internal view of human head. For diagnostic purpose and for various other preprocessing, the neurologist need to hand strip the brain from other nonbrain areas, and it is time-consuming. Therefore, there is a need for automated methods to extract brain portions from MRI. This process is also known as skull stripping.
Several semiautomated and fully automated methods have been reported for skull stripping. Each method has its own merits and demerits, and no single method has been developed to skull strip from all types of images in all orientations. Few of the methods used for skull stripping are the method by Kapur et al 2 Brain Surface Extractor (BSE) 3 and Brain Extraction Tool (BET) by Smith. 4 The BET and BSE methods are popular methods in skull stripping.
The BET method starts by computing 2 threshold values based on histogram, and a binary image is generated using the threshold values. An expandable sphere is then created on the binary image by using center of gravity. The sphere is expanded with the help of smoothing and local threshold value, and finally the brain is extracted.
The BSE method makes use of edge detection and morphological operations. The method starts with a preprocessing using anisotropic diffusion. The Marr-Hildreth 5 technique is used for edge detection followed by morphological operations to extract the brain surface.
Both BET and BSE methods have some limitations. They produce better results only for T2-weighted images and need initial parameters to start. The smoothing operation in BET adds few nonbrain tissues and is sensitive to abnormal or noisy data sets. 6 Output of these methods produces more false-positive rate for the area of posterior fossa and sagittal sinus. 7 New skull stripping methods give better results than the BET and BSE methods. Skull stripping method using Otsu's method to find threshold value, morphological operations and deformable contour is reported by Francisco et al. 7 A skull stripping method involving 2-dimensional AQ4 region growing techniques is given by Park and Lee. 8 A brain extraction algorithm using Riddler method, morphological operations, and 3-dimensional approach to extract the brain portions from axial T2-weighted can
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be found in a study by Somasundaram et al. 9 Brain extraction method (BEM) and BEM
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2DE are reported by Somasundaram and Kalaiselvi 10 to segment the brain portions. The BEM involves binary image generation, region labeling, morphological operations, and connected component analysis. The BEM will not work well when brain portion appears in 2 or 3 parts, such as in top axial and bottom axial images, posterior and anterior coronal images, and narrow connections. These limitations are overcome by a 3-dimensional approach in BEM2DE. 10 Few of the recent skull stripping methods are edge detection using bond number and block truncation to remove nonbrain tissues 11 and brain extraction algorithm using top-hat operation, morphological neck breaking operations. 12 In this article, we propose a novel skull stripping method using anatomical facts, intensity transformation, and morphological operations. Experiments using the proposed method on 20 volumes of data sets show that the proposed method gives better results than that of BSE and BET methods. The remaining part of the article is organized as follows. In section 2, Materials and
MATERIALS AND METHODS

Materials
We used 20 normal volumes of MRI of head scans taken from Internet Brain Segmentation Repository. 13 The details of data set are given in T1 Table 1 .
Methods
The proposed method has several steps. First, we remove the background pixels in the MRI slices by using a threshold value computed by Riddler method.
14 After the elimination of background, intensity transformation is performed, and a binary image is obtained by using another threshold value computed for the transformed image. Connected component analysis and morphological operations are then performed to segment the brain portion. The steps involved in the proposed method are shown in 
Background Elimination
Back ground elimination is the first step to segment the brain portions from the MRI of head scans. The MRI of head scans consist of brain, nonbrain tissues, and noise. Nonbrain tissues and noise belong to background. A threshold value T1 is computed by using Riddler method. It is an iterative method and gives the optimal value. The initial threshold value (T) is computed by:
where, I is the input image, N is the total number of pixels, h is height, and w is width of the input image, and x and y are the co-ordinates of the pixel. Using the initial threshold T, the input image pixel values are separated into 2 sets, E1 and E2, as:
For the 2 sets, E1 and E2, we calculate an improved threshold value (T1) as:
where, m1 and m2 are mean value of pixels in E1 and E2, respectively. Taking this T1 as T, the 2 sets are reclassified into E1 and E2 using equation (2) . The steps given in equations (2) and (3) are repeated until T and T1 reach nearly the same value. The background is eliminated from I (x, y) and a new image I BE is obtained as:
Intensity Transformation
The image I BE still contains brain, eyes, neck, nose, ear, skull, and other nonbrain tissues. These portions are connected with the brain by strong or weak bonds, which are removed by diminishing the intensity of the image by using an intensity transformation. The intensity diminished image I D is obtained as:
F2 Figure 2 shows the transformation of the input gray levels (0-255).
The white matter and gray matter of the brain have higher intensity than the cerebrospinal fluid and skull in MRI T 1 -weighted images. This transformation lowers the intensity values of pixel values. We then compute a mean value for the intensity value in the image I D as x . We compute the second threshold value T 2 based on the suggestion made by Fancisco et al, Somasundaram and Ezhilarasan, and Shan et al 7, 12, 15 as:
We have selected the value 0.9 after several trials values from 0.7 to 1.0, and the value 0.9 produced the best results. Using the threshold value T 2 , a binary image I B is obtained from I D as:
I B consists of isolated brain portions and nonbrain portions.
Connected Component Analysis
The midslice of MRI of head scan has the largest portion as brain. Using this anatomical fact, we perform largest connected component (LCC) analysis 14 on I B to segment the brain region. We use run length scheme and region labeling technique to find M  32  11  15_3  M  31  12  16_3  F  36  13  17_3  F  29  14  100_23  M  23  15  110_3  M  25  16  111_2  M  27  17  112_2  M  32  18  191_3  M  32  19  202_3  F  28  20  205_3  F  24 LCC. The image I B consists of n number of independent regions R(i), with area R A (i) where i = 1…n. From the R A (i), the LCC is selected as:
Brain region is selected from LCC as:
The binary image I L contains only one largest object, the brain portion.
Dilation
The image I L might have lost few brain tissues because of binarization using the threshold. These lost brain tissues are recovered by performing the morphological dilation operation. 16 The brain slices are oval-shaped, so we take a disk-shaped structuring element S, shown in We tried with various sizes of S with 3 Â 3, 5 Â 5, 7 Â 7, and 9 Â 9. We found that S of 5 Â 5 size (S 5 ) recovered brain tissues with 2 iterations. Hence, we performed morphological dilation using S 5 to get:
I M contains the refined brain portion and is taken as the mask. Using this I M , the brain portion is extracted from the input image I(x, y) as:
where & is a logical AND operator.
Evaluation Methods
For quantitative evaluation of the performance of the proposed method, the similarity indices Jaccard coefficient (J) 17 and Dice coefficient (D) 18 are computed using:
and
In addition, we also computed false positive (FP), false negative (FN), specificity (Sp), and sensitivity (Ss) using the equations (14)- (17). FP is computed by
FN is computed by
where, G is a binary form of gold standard hand segmented results, and I M is a binary form of the segmented image by the proposed method
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. G and I M are 2 sets, and modulus refers to the cardinality of the sets. G C and I C M are complements of G and Table 2 gives the computed similarity measures along with the results obtained for standard methods BSE and BET. 8 We note from Table 2 Sp is calculated as:
Ss is calculated as:
where, TP is true positive and TN is true negative. The Sp is percentage of brain portion segmented by proposed method.
The Ss is percentage of nonbrain portion segmented by proposed method.
RESULTS
We carried out experiments by applying our method on the material pool of 20 volumes given in Table 1 . Figure 4 shows a volume 205_3 described in Table 1 . Figure 5 shows the segmented brain portion from images shown in Figure 4 . The computed values of Sp and Ss for the proposed method and BSE and BET methods taken from 10 are shown in T3   Table 3 .
DISCUSSIONS
From Table 3 , we note that the proposed method provides better results than the BSE and BET methods. The proposed method gives 0.99 and 0.992 for sensitivity and specificity, respectively. The total value of sensitivity and specificity of proposed method is 1.982 which is higher than that for BSE and BET methods.
CONCLUSIONS
We have developed a novel automatic skull stripping method by using intensity transformation and morphological operations. 
